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fiMmBmrnr m^imtf mm and li^y^KEKs cossmi^ii^is 

[0001 J The present invention was made witti support from the Robert A. Weldi 
Foundation, Grant Ho. 00807; and the National Sdence foundation, Grant Ho- 
eHE-8900417. 

CROSS REFERENCE TO RELATED APPLiCATlONS 

This .Appitcation claims priority to United States Provisional Patent 
>^lca|KJn Berial No/66/SD0;3S4 Jted Ssptember 5, Mj3. 

FIELD OF THE INVENTION 

|00»33 The pmsent invention; reiatss gsoeraify to fluorescent inks anct markers, 
aspeclally far secuf fty appNcatons, i^ore speclficaf ly, the iwention rsJates to such 
inks and martsers comprising carbon rsanotubes. 

«KOROUMD OF THE INVEMTION 

[00041 The Is^es of autftentlcation and counterfeit deterrence can be Important 
in many contexts, Siils of cun-enc^?, stock and bond certificates, a^dit cards, 
passports, driver's licenses, as ws!! as tr&iny other legal documants (e.g., deeds, 
wliis, etc) ali must b© reliably authentic to ba useful. Museuf-ss and art gsiieries faca 
such chaiienges mxen authenticating works of art Additionally, consumer products 
and other articles of manufacturing, such as pfiarrnacsuticais, books, movfes, 
software, etc.. are frequently the suijject of counterfeiting in the form of "pirated" 
vereions or "knodk^offs," 

JO0053 A \v1de vanety of attempts have been made to limit the likelihood of 
counterfeiting, Most such attempts tend to incorporate a unique identifier into the 
potentially counterfeited item. The addition of fluorescent compounds to Inks and 
dyes has iong be^ a technique used by governments and bi^nks for anti- 
counterfeiting purposes. Likewise, fiuorescent compounds can be incorporated or 
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Otherwise associated yM\ other artictes for identification andfcr anti-piracy purposes. 
See, e.g.. UnKed States Patent Nos, 4,558,224 and 6,246,061 

[OOOSI Fiuoresc«nce, being a subset of phototoinescsnce (PL), occurs when a 
matsria! is ifradiated with electromagrjetic; radiation {BM}, at (oast some of whicii is 
absorbed. Fluorescence refers to tJie subsequ^tfy re-en^tted radiation of 
VtfavsJ^gth other than tiat wtiich was aSjsoited. Typicaily, such emission, or 
fluorescence, is red-shifted to longer wavefengths relative to the incident or absorbed 
radiation, such emission can also be descrJised as being Stol^es shifJed. The terms 
"fluorescence," "luminescence," and "photoiuminescence," will be used 
synons?mousiy herein, 

IQ0073 Fluorescent compounds typicaily used in siKsh above-desoibed 
appiications am gsneraily organic moiecules that fluorestse In «ie vfsibie region of the 
EM spectrum vs^^ Irradiated with uitra-vioiet (UV) light There Is, however, a 
constant need for both new and better fiuorsscent compounds to a) stay ahesd of 
the vs«>uld-be counterfeiters, and b) to e)(|»^d the breadth of su(^ marking m<i 
auttsentication techniques, wherein such fluorescent compounds of er a more unique 
optica signai and/cr yield themselves to processing and operating conditions 
unsuitable ft^ bating toreseent compounds. 

BRiEF DESCRiPTION OF THE tNVENTtON 

JOOOSJ The present invention is d:;ected to^vafd tkicrBscsnt inks and sviarkers 
comprising carbon nanotubes, and io methods of using carbon nanotubes (CNTs) as 
fluorescsnt identiffers for anti-counterfeiting and authentication purposes. 

[OOOSI Generaiiy, the ^uorescent Inks of the present invention comprise a 
dispersion or suspension of CNTs in a liquid 0>.. solvent) medium. Such a 
dispsrsiorj rrisy further comprise surfactant spedes and/or other iradftiv^na! i,nk 
compo.nents. Such inks may be referred to herein as "nanotube InKs," Note that 
such inifs are but a subset of the fluorsscent marksrs of the present invention that 
can be artach^ed to, incorporated into, or otherwise associated with an article for 
which idsntifscation and/or authentication is deemed Important, generaiiy at some 
point in the futurSi 
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fOOlO] Methods of using CNTs as fiuomscent identiftere gsneraily rely on a 
taiowledge of their photolunfiHiescsnc© prop^rUds and on technic(ues of incorporating 
I such species into ahd/dr to s 

ggartf* |§rsJ their mm i 




and/or incorporating such n 

i by eiectronic type 
: of typss i^p,, (lit^fe^sfng the afDisujit of 
j of CNTs f 

iargely semiconducting CNTs with a small range cf bandgaps. 

through such 

s of CNTs can 

be used in which the photoluminescenca properties of tiie CNT-based inks and 
marijers are hjned within a range of exdiation and etnisslcHi wavelengths. This 
provides for an almost totless variety of unique inks and markers wtth which to 
trjeorporate into, and/or s 



s of a popyiatfon of CNTs is varied by moduialing the p 



s of the 
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10015} In some embodiments, the inventfon is ^rmn to a suspension of CNTs, 
such ss a suspension of stngl^-walled carbcsi nanotubes (SWNTs). wt)erein the 
suspension serves as. an invisibie ink. in some embodiments, this ini^ is an aqueous 
suspension. When dried, this nanotube ink is viftuatly invlsibie. However ths 
nanotube ink\s/ifi fluoresce when iliuminated with Sight of an appropriate waveiength; 
for insrance tt ws!l giow in the nsar-inft'ared when iiiumtnatsd with visible light of the 
appropriate wavsisngth. If partly or {uiiy structure-separated nanotube samples are 
used, then one can prepare fnks that have distinct wavelengths of excitation and 
emissiGn. 

|0eiB3 In some embodiments of the present invention, a dilute aqueous surfactant 
suspension of CNTs. such as SWNTa, is applied to paper or cioth using fiowing ink 
pens, inkiet: printers, etc., wherein; such a suspension (dispersion) is the Inii After 
drying, the "ink" can tje illuminated with visible light matchlns a second, third, or 
higher van Hove Optical irans^ion of the semiconduc^ng cartjon nanotubes. This 
iflelds a luminescence emission at a con-esponding first van IHove wavsiangth in the 
near-infrared. Resulting images {in ii^o case of written words, si->apes, and/or 
patterns) can be visuaiised in tna fiaar-inf^ared using appropriate near-infrarsd 
detection equipment (e.g.. an InGaAs c^ia'sor,^). Spectral fiitenng can aiso distinyuisii 
different nanotube species in the (nS~, because esch wiii show dsst'tici absorption and 
ami3S!or5 wavelengths. Tins latter aspect is highly rsSsvant in embodiments wherein 
pluralities of nanotubes have been manipulated to be concentrated in a particuiar 
type species within tiie greater collection of CNTs within the fnk or marker. 

|O017| In some embodiments, the compositions (inks and markers) of the p^'esent 
Invention ar^ used as snt^-counts'l'efting markings for tiigh-value items, such as 
currefKjy. Nanotubes of different aiamsters can be used to prepare various inks for 
seiectiveiy inscntiing d r{e;er^t depun^inations of bills. For example, a S100 bill would 
sxhibft fluorescence on!y witn a spec-fic cof^-ibination of sxcitafion and observation 
wavelengths; a S5G bil! vviih a different combination, etc. This spec^l selectivity 
feature can be used wtth or without imaging detection. 

joeisi in some embodiments, the compositions and methods of the present 
invention ar« used to provide spectra! "bar coding" for non-contact identification of 
items, such as dothing. Combinations of different nanotube inks can be applied to 
merchandise at the fectory and tlien detected remotely by an infrared scanner for 
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; me mgion of the &m spectawi in i 
e is generally fnaccessible with other fiuorophores. Also, there is virtually no 
bacttground ernissi^ in ths nearnnir^reti; so only tiny quani^tiss of nanotut^BS ar© 
F<e<5Uffedl for fnsi^fngi Fuftherrnore, other fluorescent ink fnateriate do not off&f the 
f of \ 

y of nartotufo© ink, Finally, nunierous fneltiods of ir 

e of detecting the emission cm be employed 

10021] The fbi^golng has * 



' of im Invention m be 
r which fbnn me subject of the claims of the Invention- 



BRIEF DESCRIPTION OF THE DRAWINGS 

[00223 For a mors complete understanding of the present invention, and the 
advantages Hiereof, reference is now made to the foiiowing descriptions Uksfi in 
conjunction tf^e sccon^panying drawings, in whioh: 
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p»0231 FIGURE 1 is a fluorescence specfera! analysis of an aqusous {thO) 
suspension of SWivfT® obtainsd using s singte-wavelsnsth ^citation (651 nm). 
where'm the SWNTs ana surfactant-suspensJed with sodium dodeoylsulfate (SOS), 
and wherein a dsconvolufc'on of th& peaks fliusb-ates the manner in wiich tie 

fluorescence is highiy umcjue to a particular coiiection of CNTs such tivdi each om of 
the deconvoiuted pea!<s in the figure is 8ie result of a dliferent ssmiconducting 
SWNT species being present the particajiar species being indicated by the n.m 
indices above each peak; 

ta024| FIGURE 2 depicts fiuorescseriise spse^m of Isso batches Of SWNTs 
produced by the same reaj^or, but under sitghtly diffemrtt syntHesis condttions^ that 
yield different fluorsscencse signatures whe«: Irradiated 660 nm radiation from a 
diode laser souroe, wherein the reiaJSve: quarttities of particular SWHT 
semfconducting species vwihin Batdi 1 (dasJied line) difter from ttsose Batch 2 
(solid llne)^ 

imt$l FIOURE 3 iitttstrates a near-infrared ji^otogfaph of art ernbodirnent 
v^ersln sin^erwaii cartoon nanofebes are applied to a stjfffstoe (as ink) and 
Illi4tnmated wlttr light m ^le wisitiie region to effect photofumineseencs in the near-- 
ijiJrared; 

peaSj FIGURE 4 Is a Huorescsnca s|)ectnim; of SV^T flyoresGsnce madcem that 
have been ir^tegrated into a PUUA host wherein excitation is at 669 nm from a 

aiode ia$en and 

[00273 FIGURE 5 depicts the fluorescencs spectra of a single sample of SWNT 
(HiPco, Rice University), taken with tiiree dfflerent ^citation wavelengths, wherein 
excita^on wavelengms are as follows; tr^ce a, 669 nm; trace b, 573 nm; and trace c, 
?23 nm, 

DETAILED DESCRIPTION OF THE INVENTION 

f06283 The present snvention is directed toward fluorescent Inks and markers 
comprising carbon nanotubes, and to methods of using carbon nanotubes (CNTs) as 
fluorescent iderttifiers Soranti-countejfeiting and auttienticatson purposes. 
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[0028] Carbon nanotuijes {CNTs} comprising mulSpte concentric sheHs and 
termed muiti-wal! carbon nar'sotubss (MWNTs) were discovered by HJima in 19S1 
[fijima, Natum 19S1. 354., SQ). Subsequent to this discovery, siiigie-wa!i carbon 
nanoiubes fSVVNTs), comprising a single graphsne roited up on ftseif, were 
aynthssized in an arc-discharge process using carbon siectradss doped with 
transstion metals Oijima, S,; ichshashi, T Nature W§Z, 363, 60S; and Bethune etai 
Nature 19S3. 3S3, 605]. These carDon nanotubes (especiaiiy CNTs with diameters 
!ess than about 3 nm, e.Q.,SWNTs) possess unique n^echanicai, eiectrica!; tbermai 
and opticas properties, and such properties maKe tliem attractive for a wide variety of 
applications. See Baugtiman s*a/„ Sconce, 2062, 787-792, 

10030} The dimeter and J^traiity of individual Cf^s are described by inteQsns "n" 
and "m." wi^ere (n,m) is s vector aiong a graphene sheet which is conceptuaBy roHed 
up to form a tube. When jn-mj = 3q, where q is an integer, the CNT is a semi-metaJ 
(bandgsps on tlie order of miiii eV). When n-m ^ 0, the CNT Is a true metai and 
.referred to as an "an-nciiair" nanotube. Ail othef cor^ibinasons of n-m are 
ssmicoiiducting ChTs with bandgaps typically \n the range of D.5 to 1.5 eV. See 
O'Conneil ei al . Science. 2002, ?97, .59^3 CNT "type," as used hsrein, refers to 
such electronic iypes dascnbed by the {n.rn) vector metaiiic. sejTii-metanic. arvd 
semiconducting). CNT "species," as used liefoln, refers to CNTs with discrete {n,m} 
vaiues. It IS me semiconducting CNTs that possess Huorescerjce properties that 
mai^e them usefui as the optical identilters of the present invention, 

[00311 .All iinown preparative metiiods lead to polydisperse n^atgriais of 
se.rniconducling, semimstaliic, and metailic electronic types. See M. S. Dresseii-saus, 
G. Dressslhaus, P. C. Eklund, Science of Fulleranas and Carbon NanotubBS, 
Academic Pr-3ss, San Diego. 1396- B.fonikoxvsKi et al., Joiirna! of Vacuum Science & 
Technology ZOO]. 19. 1200-1805 R Ssito, G. Dres,<J8ih3US. M. S. Dfesssihaus. 
Piiysica! PropBi-ti&s of Carbon Nanoh.oes. imperial Coiiege Press, i^ondon, 199S, 
As such, a primary hurdie to the -vVfdespreso adpiication of CNTs, arsd SWNTs in 
particular, is thsir manipuiation according to electronic stnjcture [Avouris,, Acc. 
Oiem. Res. imi, 35, 1026-1034]. 

IDD32J Recent aovatices in the soiution phase dispersion (Strano ei al„ J. 
NanoscL and Nsnotech., 2003, 3, 81; O'ConneS et a/.. Science, 2002, 297.. 593-5963 
aiong iMth spectroscopic identification using b^ndgap fiuorescsnce {Bachiio ei a/., 
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Science, 2002, 29$, 2361; and cwimonly-asagned United States Patent AppHcatoj 
Serial No, 10/379.273] and Raman spectroscopy [Skmo, NanoSsmrs 2003, 3, 1091] 
have greatly improved tie abiffty to monitor electricsity distinct nanotubes as 
suspended mixtures and have led to deftnjtive assignments of the opttca! features of 
semiconducting [Bachilo ef aL Sdence, 2002, 2QB, 2361), as well as metallic and 
semi-metaSiic species jiStrano, Nmohtt&m, 2003, 3, 1091j. Indeed such 
spectroscopic assignments can provide a bacisground for the optics! bar coding of 
the preset inventfoji. 

|;0033| Shown In FIGURE 1 ts a fluorescence spectral analysis of an aqueous 
(PaO) suspension of SWNTs using a single-wavelength excitation (6S1 nm), whef«in 
the SWNTs am swrfactanl-suspaided vwth sodium dodecylsuifate (SDS). 
Deconvolution of the peaks illustrates the manner in which ths fluore$csnc« Is highly 
unique to a particular collection of CNTs. Eadti one of the deconvoiuted peal^s in the 
figure is the result of a different semiconducting SWNT species being present trse 
psrticuiar spscies being indicated by the n,m indices aijove each pealt Emission 
intensity for eac*i peak is a function of tSie reiaSve concentration of the particiiiar 
species providing for a pslicuiar peak. 

f00343 Tediniques of chemically functionalizing CNTs have greatly Mtated the 
ability to mamputate these materials, partlciiiarjy for SWNTs vi^tich tend iss assemble 
into nope-like asgregates [Thess ef a/.. Sdsrnie, 1996, 2T3, 483-487}. Such 
cheirtical functionafization of CNTs is gen^lly divided into two types: tube end 
functionalizatJon [Chen a/.< Scienca, 1998,, 282, 9S-S8|, and sidewail 
functicnaiisation [PCr pubiication WO 02/060812 by Tour ef nl.) Hoisinger et a/., 
Angew. Chem. lot Ed.. 2Q01, 40.. 4002-4005; Khabashssicu etai., Acc. Chem. R&s., 
ZQQZ, 35. 1087-1095]. Most rscenUy, SWNTs were shown to be ssisctively 
functioE^izable, providing a chemicai routs to mir separation Ses Strano &i a/., 
Science, 2S03, 301, 151^1522; and commonfy^assigned intsrnationa! Patent 
Applicatfor) No. PCT/US04/24^7, 

f003S3 Carbon nanotufoe chemistry has been described using a pyramiciization 
male fomiaiism [S. Nliyagi etaL Acc. ofChsm. Res., 2QQ2, 35, 1 105-11-1 3]. Here, 
chemicai reactivity and kinetic selectivity are reiated to the extent of s character due 
to the curvature-induced strain of the ^^^-hybridlaed graphene sheet. Because s^ain 
energy per carbon is inversely related to nanotube diameter, ibis model predicts 

8 



snnsiter diameter nanotubes to be the most mactive. with to enthalpy of reacticm 
deorsasing as the cufvature becotvies Infinite. While this bshavfor is mo^ commoniy 
the case, the role of the electronic stnicture of the nanotubes In tietermining ttietr 
fBaattvity ie increasingly impon:ant- -8special!y iftjtien desiring sefectivRy among a 
population of simsiar-diameter CNTs {such as is often the case with SWNT product). 
Furthermore, because such stnjcture Is highly sensitive to chira! wrapping, chefiiical 
doping, chaffed adsorbates, as wsil as nanotube diameter, there exists a 
considerable diversity among these various pattwayis in addition to a simple 
diameter dependence, and wnth impiicatlons for separating CIslTs by type. 
C003SJ Other methods with which CNTs can be separated by type have been 
reported Such techniques include dialectrophoresis {Krupke et a/., Science, 2003, 
3G1. 244-3471, selective praapita^on [Chattophadhyay at si, J, Am. Chem. Soc., 
2003, 125, 3370-33753, fon-exohange chromatography [2heng ef a/., mtum Maier., 
2QU. 2: 338-342], and compiexaSon/centrlfugatlon |Chen a/,, Nana LeU., 2603, 3, 
1245-1249]. 

im^Tl Carbon nanotubes {CNTs), according to tfia present invention, include, but 
are not limited to, ^n^S'Wail carbon nanotubss {SWNTs), multt-wali carbon 
nanotubes {iWWNTs). doubie-wafi carbon nanotubes, buckytubes, iuiterena tubes, 
tubular fullerenes, graphite tJbrifs. and combinations thereof. Such caifeon 
nanotubes can be of a variety and range of iengths, diameters, number of tufee wells, 
chiraiitses (heiicities), etc, and can be mads by any knowf. technique including, but 
not Simitsd to, arc discharge {Ebbesen. Annu. Rev. Mater. Sci. 1834, 24, 235-264], 
ias-sr oven [Thess et af... Science 1S96, 273, 4S3-4373, flame synthesis [V'ander Wat 
St St. Chem Phys. Leti 2001, 349, 178-184], chemicai vapor deposition [United 
States Patent No. 5,374,415], wherein a supported [Hafner at at. Chem. Phys. Lett. 
199S, 296, 195-202] or an unsupported [Cneng et a! . Chem. Phys U^tt. 1998, 28S. 
502-610; Mikoiaev et at.., Ctieni Pt)ys. Lett. 19S9, 313., 91-&7] metal rataiyst may 
also be used, and combinations thereof. White riot intending to be bound by ti-j&ory, 
it is believed that the CNTs exhibiting photoiuminescence in accordance with tt^e 
present invention typically have diameters iess than about 3 m. 

i0QU} Depending on the embodiment, the CNTs can be subjected to one or more 
processing steps. In some embodiments, ifie CNTs have been purified, Exempfary 
pufjfication techniques include, but are not SmIted to, tiiose by Chiang et al [Chiang 



8/., J. Phy$. Chem. B zm% 105, 1157-1161; Chiang &f a/„ J. Phys. Ciiem, B 
2001, m, 8297-83013- in some embocJimetJts, the CNTs have been cut by a cutting 
process. See Liu a/., SciencB 199S, 260, 1253-1256; Gu ^ ai, mno LeH. 2002, 
2(9). 10Q3-1013: Haddon a/., MBteriak Research Society Sufleiin, 2004, 29, 252- 
259. The terms "carbon nanotube" and "nanotufes" will be us 



Depending on the € 
i (?f the ^ 



mt, the CNTs used in the mks, markers, and 
t be separ^ed t>y iength, diameter, type or 
to any of ths aJjov^'descslb^d 



^ concenfmtiort of GMTs of « partieutaf type, < 
species. The extern of such separation, and the ievet at which it is canted out, can 
lead to essentiaily homogeneous popuiations of CNTs comprisfng a partfcuiar type, 
sofGNT. 



|0Q4fi| Generafiy. the fluorescent inks of tha present invention ("nanotube inksl 
comprise a dispersion or suspension of CNTs in a fiquid (/.a, sofvent) medium. 
S uch a < 

arkers: of the 

GNTs : 




for the syrtfhesis of the CNTs are aitered so as to produce CNTs with a sitghtiy 
differem flMorescense signature. Indeed, there is greater flextbiiity fer unique 
fluorescence signatures from mixtures than from homogenous popuiations (of 
CNTs). Refening to FiGUr?^ 2. it can be seen that SWNTs produced by the same 
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reactor, but undsr sMghtiy different S5,^th©sis c 

:i with 660 nra radiation from a diode laser souroe, wher-wi 
5 of particular SWNT semiconducting mm mm mm 1 




i hydrocarbons). supencrtSoai fluids {SCF«. such as 
il GOs), and combinations ihereof. 

E0043I Surfactants, according to the present invdntion, can be any chemicai agent 
which facilitates the dispersion of carbon n^notubas in water or other solvent media. 



X-IOO, TRITON X-40S, 



(DTAB), 



) or other 

108, 8794-a?98. 



In a superacid (e,s?., 
J. Phys. Chem. B, 2004, 



[00453 -In some embodiments, the CNTs,. as niarkers, are incorporated inio a 
polymer host as a composite or blertd materia!, wherein the CNTs have a 
srescence signature, tills blend can then be used to fabrleat© 
i of tmnufectum, objects, or parts. In some embodiments, poiymer Wers 
1 C^fr fluorescence markers are fabHcated. Such fibers can be used 
to mm paper, s 



article into which the CUT fluorescence i 



e the fluorescence 



[00403 Methods of using the Huorasceoi nanorjb^.- inks ths present irwention 
can generally compose tlie steps of: i] dsposiiing a suspension of CNTs onto a 
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surface, gefieratfy in the form Cff words, shapes, and/or patterns, and 2) removing the 
solvent. Provided that relatively small quantities of the CNTs are actually tnsnsfetred 
to the surface, such words, shapes, and/or patterns can be said to be invisible gnd 
the nanotube Ink referred to as an invisible ink. Such methods typically also can 
compriss the steps of 3) irradiating the in!< with a visible light source, and 4) viewing 
the resuiting fiuorescsnce «fith a NIR optical viewer, s 

, GNTs within bmc^ a susp^sior 

tr mixture # CNm |r> eorne embodiments, 
lib chemical dstazatiort, a fuFther^tep bf 
s fCu^ to cause the (SNTs tp:f®ve§:baek 
r et 8/.. J, Mater. Cmm„ 2002, 12, 1952- 
1 35S]. Depending on the embodiment, and for use as an ink, it is generally sufficient 
to merely have a qualitative knowiedge of ths fiitorescent properties of the CNTs 
within the mixture, svich that no manipuiation of the CNTs by type, dimension {ieagth, 
a is n 



\fi^ere the CNTs have t 



The euspension of ONTs generaily has the ClMTs dispersed in a s 
soiyent rneciiuni. As descsibed above, there is conslderabls variety in tfie selection 
Often, a surfactant is added to provide for or mhar\CB the 
II of CNTs. 

the present Ifiyention.,.: Sie .j^ .of fbrfniins ja 




s cari be provided l?y Either an ultrasonic bath or an 
jut 200 W 

to about 600 W. The duration of such ultrasonic s 
about 1 min to about 20 min. 
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[OOSII !n some embodiments of the present invention, the mfxtum of surfactant- 
suspendad csfbon narjotubas Is cen^fugecS to separate the surfactant-suspended 
nanokibe msfsnal from other maiesial !n such embodfments, the other inateria! 
gravitates to the bottom and the surfectant-suspendsd carfcon nanotubes are 
decanted, in some embodiments of this present invention, the csntrilxjgation is 
provided by an uitra centrifuge, and centdfugatjon is peifomied with an intensib/ 
which rartges generaify from about 10,000 rpm to about 90.000 ipm, and for a 
duration «^fch ranges gerseraliy from about 1 hour to about 6 houf; 

|00S2| in some embodiments, one or mors additional materials am added to the 
suspension of CMTs {the ink). Such addnionaf materials may inctude, dyes, binders, 
traditional fiyerescsfit inks, magnetic materials, nanopartlcles, or other matertais 
used In the formulation af Inks, 

Suffiaces or substrates, according to the pmssnt inventiorv, Include but are 
not limfted to, paper, natural or synthsgc libei^, metalsv polymeric materiais, 
c^arif^cs, gtasses, etc. in swie emisodims^ts, the surface is preheated to facilitate 
adhesion of the ink. Such pretreatoents csan be of a chemicat {e.g., etehirsg) or 
physical plasma) natuf®. 

I0OS43 Depositing suspension of CNTs. as nano^be ink, onto a surface can 
be by ss^ay of any number of standard phr^Sng^tiniques. Suctt laehhlques in^^^ 
but am not fimlted to, InkJet printing, screen prinSng, lithographic techniques, 
brushing, spraying, flowijiQ ink pens, stamping, and cormtainations thereof. 

|005S} As an ink, such depositioti can gsneraiiy be tn some psttemeci form such 
as words and/or shapes and symbols; In some embodiments^ howisven this 
nanotube ink is invisible to the naked eye. 

Soivenr rernovai 9eri6r:3liy snvoives an evaporative process. Such 
evaporative processes can be faciiitsted by t^eat, vacuum, and/or other processes. 
fOOS7| in some emijodiments. after solvent removal, an addltiona! treatment is 
applied to t'^e deposited Ink. Sudi addSional treatments generally serve to protect 
the integritx' of the words, shapes or symbols printed on a surface. Such treatments 
may cornpri.'5& a iemination, e.g., the deposition of a polyn^er or giass film over the 
deposited ini'.. wneresn the deposited poiymer of glass is transparent to both the 
excijation and emission wavelengths required to induce and detect fiuorescsnee. 



lOOSSj frradtetlon of tis dsposiied Ink can ise dons with a variety of v 
inonochrofna^Sc or poiychsrortiajiic In Oi&tmiBv: In sonne 
near or above T50 m so as to foe essentiatjy inviSfWe 3t 



ionofmsEMspectafm. is g 
viewer or camera, such as ayri !nGaA$ earner 
necessary: tn Ihe case of such irjks, to resolve ^^ 



|00$0| Methods of u^ng CNTs as fluorescent k 
mrm a knowledge of their p 



5 Of: 1} providing ^ ptursSiiy of c^jfeon 

tSQSed articles, Methods of using G^^Ts as fjuorescent identifiers frsay further 
5 oft 3) ifradiating the optieaiiy tagged arfides with sy radiatiGh; 
14) detecting photoiufninescence froRS ^e cartson rtanotubes tbr tfis pufpose 




immi The use of CNTs 
understanding of their fluorescence 



i GNTs 
J to 

5 of Oils, (n s 
1 to chertiiea! dedy^tteaioh, a lUilhef ^tep of 
a is used to bause the iii^ifs to revert bacic 
itt some eiftitjodiiTii^iits, Gf^s ^r^ syHtNesized 
SofhowtfjeCNTs 
? signature specfes) 
for &ix&i CNTs is carsfuiiy evaluated (i.e., predetermined) prior to marfsng or tagging 
srticies or objects with the CNT fluorescent markers. 
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jn some smbodtmsnts, the CNT m&rkers can be suspended in a s 
i and applied as an ink (as above). Such inks couJd contain muitcpfe Isveis of 



addittonai levels of spectral irvformation can be contained wfihin the CUT r 
Sons wf» me inks. 

in sofTje etTibodinrverrts, iiis niarkers afs incojpoF3ted into ;S jto^t itsj 



««av8{8ngtbs With mm me cm& i 

ptMymsric in nature, but they can also be ceramic or glass. The C^fT markers can be 
attached to an afticje either directly or in a host materiai. in some embodiments, the 
C^rrs mariters are incorporated Mo a host materia} that maites up an artids or 
For exampte, CNT mariners could be blsfided into synthetic fibers 
are then used to make articles of clothing, in some embodiments, the host 
Ills liquid or fiuki, 

Cj^T fiuofesss^t markers can be done with a variety of 
he em 
inr 

Ar lasers - Kr U 



3 use of two Of n 



5 of ONTs is 



Detection of the emission can be qualitative tn nature using spectral fitters 
and such. More typieaiiy, tiowever« detection is such ^at the spectFai signatyr© of 
the CNT markers is resolved, thus providing a hist? level of identificatioa Such 
speclrai resoiution !3 tyf^cally provided via specfrpscoplc gratings and NIR dstectors. 
Suitable NIR detectors inciuds, but are not limited to, photodlodss, photomuitipliers, 



pholodfode arrays, or CCD or C^OS c 
siichasSlQe,oriflQaAs. 



include, but are not limited to. i 



id marfcefS of the present invention 
\ of currpncy, security dpcuments, 
, CJdUilhg ^rid Gth<^i* consumer goods, 
books, art, and combinations thereof. Such inks and rmrkers can be used in quality 
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[OOSTj The fofiowtng examptes are provJdsa to more M\y illustrate some of the 
embodiments of the present Invention, it should be appreciated by those of skill in 
the art that the techniques disclosed !n Ihe examples vvhich follow represent 
techniques discovered by the Inventors to function welt in the practice of the 
Invention, and thus can be considered to constitute exemplary modes for its practice. 
However, those of skill in the art should, in fight of the present disclosure, appreciate 
that many changes can be made !n the specific embodiments that are disclosed and 
slit! obtain a iike or similar result without departing from the spiHt and scope of the 



Sxampie 1 

[80681 This Example serves to iiiusfaie a manner in which nanotube inKs can be 
used according to some smbodimenis of the present invention. 
{OOSSJ SWNTs (HiPco, RiCe University) were dispensed in an aqueous solution of 
SDS surfactant by an accepted process of high-shear mixing, ultrasonic agitation, 

[00701 The nanotube ink suspension was used to fill the resen/oir of a flowing ink 
drafting pen, which was then used with & dmfling template to vwte the characters 
'■SWNF onto a piece of ofnce paper manufactured with a mild gloss coating. The ink 
was then aiiovved to dry such that the resulting charactei^ warn approximately 5 mm 
in height and with a mass per character of approxlmatsiy 10 nanograms. Such a 
smai! amount of SWMTs renders the ink invisibie to the naked eye. 

|0071I Upon irradiation with monocdifomatiG light of 671 nm wavelength, the 
tetters were seen to fluoresce, emitting radiation In the NIR. This emission was 
detected with a camera with a detection r^nge of 112S-17Qa nm. Whiie invisibie to 
the naked eye. FIGURE 3 is an image generated by this NIR camera with an 
exposure of 6 video frames. 
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gxamp}e2 

10072} This Example serves to ii!u$trate how CNT tJuomscent markers can be 

integrated into host materials iiks polymers. 

i;0073J SWNTs i.~:P\x\ F^.ce Uii;vor<Mv) werg blended into a 
poiyCmsthyimethacrylate) ^PiVliViA.) matrix by ultrasonic dfepersion erf SWNTs into a 
xylene soiution of PMMA. EvaporaSon of the xylene 0av6 an opticaSy clear solid 
containing fiuofBScent SWNTs. 

[00743 FIGURE 4 is a fluorescence spectrum of these SWNT markers sftUch have 
been integrv^sted into the PUMA host wherein excitatfon is at 663 nm from a diode 
laser. Each peak indicated Py an arrow correeponds to ISuorsscsnce from a dfiferent 
SWNT species within the sampje. 

Example 3 

[007S] This E.!<c-mp!e serves to Ifiustrats excitation seiectivsiy within a CNT 
sampis comprising a vansty of CMT species, 

[00763 !r) ttje case of SWNTs. due to excuatsot? selectivity, aniy a subset of SWNT 
types will be dstectible with some "standard" excitation wavelength, such a& 660 to 
670 nm (tha region whsre some common serT>!c«ndijctor diodw lasers smst^ Many 
nenotube types that might be prsssrjt in the sarnple ray be 'vddeu or exiiibit en 
emission intensity which is too low to be detected, espeaaily wj-sere such psaKs He 
close to intense pejsi^s activated with such "standard" excitation wavelengths, Tha 
apphcstfon of additional excitation v^aveisrsgths can possibly rsveai fiiese typically 
"hidden-^ peai'.s (and the sern.copductino SWNT species that produce them), 
[0D77] FIGURE 5 depicts the fii.iaresce.nce spectra of the same SWNT sampis 
iHiPco, Rice University), taken with three different e.xcjt3tion wayetenglhs, wherein 
e,xcitation waveieng^s are as tofiows: trace a, 669 nm; trace 573 nm; and trace c, 
?23 nm. 

{D07SJ It can be seen from .RGURE 5 that the rsfativs intensities of the peaks 
change when t^e excitation frequency ts changed, reveaiing a selectivity to IhB 



17 



m&mmmw 



excitation. Such mdUim seled^fty can Ije #{pkJife*^ i ai#qo«fit©rMtng 
appjicafe'ons. 

|D0?9| AH patents and publications referenced herein are hereby incorporj^ted by 
reference, it wilJ be understood t>at certain of the above-dsscnbsd structures, 
funclions, and operatos of the above-ctesoibed embodiments are not necessary to 
practtee the preaent invention and are included in the description sifTJpiy for 
compieteness of an exemplary embodtmsnt or smi?pc8ments, in addition, it will bs 
understood that specffe stn^tures, functions, and operations set forth in ths above- 
described refer^ced patents «id pubMons can be practiced in conjunction with 
the present InvenSon, but they are not essentia! to its pnactiee. It (s therefore to be 
understood that the Invention may be practiced otherwise than as specificaliy 
des€Sfibe<3 without actualiy departfng fmm the spfm and scope of the present 
inventjon asd^ned tjy the ; appended daitns. 
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WHAT IS CLAIMED IS; 

1. A nanotubs ink comprising a su^enston of carbon nanoiubes, whereia the 
caitjon nanotubes am operabis for undef^oing photoiumlnesceme and yielding 
emission within a pre-determined range of wavelengttis m&n irradiat&d witii 
radiation in ths visible region of EM spectrurn, and VKherein nanotube ink 
is fomiulatsd for adhesion to a substrate surface ^hm such a surface is printed 
wl^ said narnstube Ink. 

2. Tne nanotitia ini< of Claim 1, wh&f®m ihs carbon oanotubes are saiected from 
the group consisting of singie^wait cartjon nanotubes, moitlrwaB m^bori 
nanotubas, double-wall carbon nanotuijes, and combinatos fiiereof. 

3. The nanotube ink of Claim 1, wheraiit the carbon nanotubes comprise single-wall ^ 
cartean nanotubas. 

4. The nanotube ink of Claim 1 , wherein the carbon nanotubes compnsa nanotubes 
has^ng dtartJetars less than about 3 nm, 

5. The nanotube Init of Claims 1-3, or 4, «*hsrein the oafbon nanotubes wHIitn 
nanotube Ink are substantiafiy hornc^eneDUs wfUi mspect to their 
pbotoiUTninesGenca properties, 

6. The nanotube ink of Giaims 1r3, or 4, whersin the carbon nanofcbes wtliin the 
nam>tube ink cowfise an artifictaily-generated popufation of singie^wali carbon 
nanotubes of different nanotuba species, such artificial generation provided by 
carison nanotube s^arationteehniqueiSi 

7. The nanotube ink of Claims 1-3, or 4, where«i tJie suspension comprises a liquid 
medium selected frt>m group consisting of water, organic solvents, 

supsrcntica! fluids, and combinations tl■^ereof. 

S. The nanotube \p,k of Claim 7. wherein li-se suspension ferlher comprises 
suifactant. 

9. Ths nanotube Ink of Claims 1-7, or 8 fuilhsr corriprising art additive selected from 
the group consisting of fe-aditional fluorescent inks, dyes, binders,, polymeric 
matefia!, nanoparticies, magnetic materials, and combinations thereof. 
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10, The nanotube ink of Claims 1-0, or 9, vs^efein the pm-determsnsd range of 
waveierrgihs are Irt the mm infrared. 

it, A compoaition comprising: 

a) a suDstrate; and 

b) a pSuraiity of carbon rsarioiiibdii \n contact with said substrate, wherein said 
carbon nanotubes are opsrsDia for undergoing photoiuminescence al a pre- 
determined range or vvavelengths, and wherein the carfcon nanotubes ars part 
of a dried nanotubs ink fomiUi'atton. said nanotube ink fonr^uiated to adiiere to 
the substrate in its dry state, 

12, The composition of Ciaim 11, wherein ttis carbon nanotubes are selected from 
the group consisting or sfogle-wail carbon nanotubes, nnuiti~wa!i carbon 
nanotubes. doub!e-wa!i cartion nainotubes, and combinations thereof, 

13. The cotrposftiofi of Ciaim 11, wherein tiie carbon nanotubes comprise singie-wa!) 
carfeon rtanoiufoes: 

14. The composiiion of Daim 11, wherein ttie c^on nesiotubes connpnse nanotubes 
having diameters less than about 3 nm, 

15, The composition of Ciaims 11-13, or 14. wherein the substrate conipnses a 
fibrous materia!. 

16. The composition of Ciaim 15, whersin the fibrous material is selected from ths 
group consisting of paper, syntbeSc potymers, cotton, siiK, and- combinations 
thereof, 

1 7, The substrate of Claims 11-13, or 14, wherein ths substrate is a security. 
la.The composition of Claims 11-13, or 14, wherein the substrate ss currency, 

19, A method for contacting a nanotube m with a substrate comprising the steps of- 

a) selecting a subs&ate; 

b) selecting a nanotube ink cor«prising a suspension of carbon nanotubes in a 
iiquid medium, wtserein the cafboii nanotubes have pre-determineci 
photoiun^inescenee properties, and wherain *e suspension is formuiated as 
m ink; 
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c) appSj^rtg said nanotube ink to said substrate; and 

d) removing the liquid msdsum from the nanotubs snk to Jeave a dried narsotiibs 
ink in contact with the substrate, 

20. The method of Claim 19, wherBifVthe cart>on nanotubes are selected from the 
group consisting of single -wail cartjon nanottibes. multi-wall carbon nanotubes, 
double-wail carbon nanotubes, and combinations tlweof . 

21. The method of Ciaim 19, w^!erein the carbon rjanotubes comprise nanotubes 
having diameters !ess than about 3 nm. 

22. The method of Ciaims 19-20, or 21, wherein the substrata is a fibrous material 
se!«ct8d Irom the group consisting of paps', synthetic polymers, ootton, silK arvA 
combinations thereof. 

23. The mettso^^ of Claims 1:9^20i or 2t , wherein tie substrate is ciiireney. 

24. The method of Claims 19-22, or 23, wherein the photolummescence properties 
are pre-detemvned qualitatK-'eiy. 

25 Tiie method of Cisims 19-22, or 23, whsnsin the photo luminsscence properties 
are pre-deterrn.ined qusntitativeiy, 

26 The mettiod of Ciaims 19-24, or 25, wherein the liquid medium is selected from 
the group con.^isting of water, orgastic solvent. superulScai fluids, and 
combinations thefsof. 

27, The method of Claims 10-2S, or 26, wherein the aispensson further comprises a 
surfactant 

25. The m$aiod of Claims 1 9-26, or 27, xis*)emin tie suspension ftirther comprises an 
additive selected from the group consis^ng of traditional ini«8, fluorescent in}<s, 
dyes, binders, poiymsric matwal, nanoparticies, magnetic materials, and 
combinations thereof. 

29.TT»e me^od of Claims 19-27, or 28, wherein the step of applying said nanotube 
ink to said substrate comprises an application method selected fro.m the group 
consisting of ink spraying, ini? jet printing, flovwng ink pen transier, stamping, and 
coffsbinattons thereof. 
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30, The method of aaims 19-28, or 29, herein tie fiquid medsum js mmoved by an 
svaporative techraqye. 

31 A method comprising the st^s of; 

a} selecting a composition comprising (i) a substrate and {il) a plurality of carbon 
nanokjbes in contact with said substrate, wherein said carbon oanotubes are 
operable for undergoing photoiuminescencs at a prs-determtnea range of 
wavelengths ; 

b) irradiating the composition witti radiation of a range of wavsiengths; and 
c! detecting luminescence emission at corresponding fi(«t van Hove 
vvavalengths in tie near infi^red. 

32. The method of Claim 31, vs^iereln ti^e cartoon nanotii>es am sslscted from the 
groyp consisting of single-waJI carton nanotubes. mufti-wali carfcon nanotubss, 
doubie^wall cartjon nancftubsSi and combinatiohs themof ; 

33. The method of Claim 31 or 32, wherein the step of frradiating is done with 
radiation of a range of wsvstengths vs^ich matoh second, third, or higher van 
Hove optical transfiians vi«thln the carton nanotubes. 

34. The method of Claim 31 or 32. wherein the step or irradiating is done with 
radiation of a range of waveiangths wfiic^ matcit tie plasmon resonanc optical 
transitions within the caffeon Hanotubes, 

36, The method of Ciaims 31-33, or 34, wiierein the detecting step is carried out by a 
process ssSscisd from the group consistsng of near-infrared camera detection, 
spectraf Ultsring, and cornbiriations tfiereof. 

36, Ths method of Ciainr) 35, wherein the near-infrared camera detection comprises 
the use of a camera selected from the group consisting of an InGaAs camera, a 
Si camera, and combtnaiions thereof, 

37, The method of Claims 31-35, or 36, wherein (a) the substrate is ssiscted from the 
group consisting of genuine securitiss, counterfeit sec-ttrities, and combinations 
thereof and (b) said method prowdes a mechanism in which to distinguish 
whether the substrate is a genuine security or a counterfeft security. 

38, The metiiod of aaims 31-36, or 36, whensin the security is currency, 



3S.The method of Claims 31-35, or 36, wherein {a) ths subsfe-ate is a cyrrsncy and 
(b) saw method provides a medianism in whfdi to differentiate ths currency by 
its bill denomination, 

40, The method of Claims 31-35, or 36, wherein sssd mettiod provides a mechanism 

In which to spectrally bar code items for non-contact identification purposes. 
4 1 A method comprising the steps of: 

a) pnsviding a piurality of carbon nanotubes with unique, predetemilned 
photolumtnescence charactenstics; and 

b) incQ}|)oratsns the carbon nanotubes Into articles as optica (dentlfleis ia tom 
optsaliy tagged artfeies. 

42. The method of Ctetm 41 further comprising t^e steps of: 

&) irt-adiatlng ttje optically tagged anscies witn EM radiation; and 

b) detecting photolumtnescence from the carbon nanoftibes for the purpose of 
identityins the optically tagged article, 

43. Th0 method of Ciaim 42, wherein the step of trradiaiirtg uifees a source that 
emits mdlation In the n^ibfe mston of the EM speotrum, 

44. Ttie method of Cfaim 42, wherein the step of Irradiating utilizes a source that 
emits radiato selected from the group consisHng of monochnsmatic radiation 
and poiyehromatic radiation, 

45. The method of Claim 43, wherein the source is a laser, 

46. The method of Ciaim 42, wherein tse step of in^adiating utitos muitlpie disaete 

excitation wavelengths, 

47. The method of Claims 41 -45, or 46, wherein the photoiuminescence is in the near 
infrared region of the BA spectrum, 

48. T718 method of Cialm 47, wherein the detecting photofuminescence composes 
the use of a camera selected from the group consisting of an inOaAs camera, a 
Si camera, and combinations thereof. 
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49. The method of Cfafms 41-47, or 46, vsrfierein the carbon nanotubes are selected 
from ths group consisting of siagls-wart cartson nanotubes, mufti-WQii carton 
nanotubes, doubte-wall carbon nanotubes, and con^jnstiions th$reol 

50. The method of Cialms 41-47, or 48, wherein the carbon nanotubes comprise 
sing!e*wall oarlxjn nanotubes. 

51. The mettiod of Ciaims 41-47, or 48, vtrfierein the cafbon nanotubes comprise 

nanotubes havirjg diameters iess than about 3 nm. 

52The method of Ciairns 49~SQ, or 51. wherein at least some of the carton 
nanotubes have been chsmicaiiy funGtlonallzed, 

53. The method of Ciaims 49-61 or 52. wherein at least sorns of the carbon 
nanotubes have undergone a process to separate them based a characteristic 
selected from the group consisting of iengtb, dlametar, chlraJlty, bandgap. and 
combinations thereof, 

54. The me«iod of Claims 49-52, or 53. vstierein the piuraiity of carbon nanoUibes Is 
substantiatfy homogeneQas^ 

55. The method of Ciaims 49-52, fflr 53, wherein me photoiuminescence of me 
carbon nanotubes is derived from a unique combination of carbon nanotubes of 
varying chg^acteristic, 

56. The method of Claims 49-54, or 55, wherein the step of incorporating comprises 
an attachment meohanisrri 

57. The rt^thod of Claims 49-55. or 55, wherein tne articles b^ing oplicaiiy tagged 
are seiecU?d from the qcquq osnsist^ng of cufrency, isecurities, documents, 
passports, phafrnaoei-iticais. articies of manufacture, and combinations tiiereof, 

53. The method of Csaims 49-56. or 56, wherein Sie articles are being opfically 
tagged for ants-counterf siting purposes, 

59. The method of Claims 4S-55, or 56, wherein the articles are being optically 
tagged fer anti-piracy purposes. 

60. The method of Claims 49~SS, or 56, wherein the ardcies are being opticaiiy 
tagged for inventory assessment purposes. 
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61. The method of Claims 4S-5S. or 56, whemtn 816 srtides are being optically 
tagged ferquai% control ptif^joses, 

62, A method comprising the steps of; 

a) selecting an articte comprising carbon nanotuDes; 

b) irradiating tfie arOcie with EM f^diation so as to effect photoluminescsnce 
from any ssmiGondUGting carbon nanotubes present; and 

c) compan'ng the photoluminescence to photolumlnescence fSiaractensttcs of 
\mom\ carbon ni^otube populations ftjr punsoses of MenlffjcatiGn. 

©a The method of Gfsim 62, wherefn the carbon: nanotubes ars operable for 
undergoing photoluminesGgnoe and yielding emission wRbin a ssoond prs- 
determined phototuminescenee chsFacteristic when irradiated vsqth mdiation torn 
a region of the BU spacmim selected 1fm the p&up eonslstiog xsf visible^ 
ultraviolet and combinations ihera©f, and fUrffier compnsfng tfis steps of; 

a) irratilating the afticte with a secsond EM radfa^on so as to effect a ^second 
photoluminescsnce from the carton nanotube$, wherein the second EM radiation 

is different than tJie first EM radiation; arid 

b) cotnpsring the aecmd photolumineseence to the second pre-dstermined 
piiotoiuminsscence characteristics for purposes of identification 

64, The method of Claim 63, wherein the second EM radiation has ditferent spectral 
characteristics than the first EM radiation. 

SS.The method of Claims 62-53, or 64. wherein Sie carfeon nanotubes are seSected 
from the group; Goosfsting of single-waf! «arfeon nanotybes; multi-wail carbon 
nanotubes, doubierwali c^lson nanotubes, arsS comblrtafions thereof. 

66. The method of Claims 82-63, or 64, wherein at feast some of the carbon 
nartotubes have been chemicaity f uncSonal ized. 

57. The method of Claims 62--63 or 6^, whersin the carbon nanotubes coii'spriss 
singie-wai! carbon nanotubes. 

68. The method of Claims 62-63, or 64, iAft^erein the c-a.^bon nanotubes comprise 
nanotubes having dtamet^ less than about 3 nm. 



89, The method of Claims 62-67, or 68, whemin «ie steps of irradiating are done with 
EM radiation comprising wavelengths in a mglon of the EM spec&-um sejected 
from the group consisfing of vjsibie, uitrnviojet, and combinations tJiemof. 

70, The method of Claims 62-68, or 69, wherein tli$ step ol irmdiating is done wftfi 
radiatlcm selected from the group consisting of polychromatic radiation, 
monocshromaiie radiation, and combteatlorts tf^ereof, 

71 .The method of Oeims 62-66, or 6&, vwherefn the sstep of irrsdisting is done with at 
least om laser souroe. 

72. The mettiod of Ciatms 62-70, or 71, wherein the photoluminescence comprises 
emission wavelengths in «ie near infrared region of U-se EM spectrum, 

73. The method of Ciaims 62-70, or 71, wherem the step of companng Involves an 
analysis of ite photoiuminesosnee. 

74. "Hie method of Claim 73, wherein tiie analysis is qoantitative. 
7&The method of Ciaim 73^ whereirt the aoaiysis is qyafitative. 
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